Lin, Xiang Y. and David L. Glanzman. Effect of interstimulus now apparent that synapses of the marine mollusk Aplysia in interval on pairing-induced LTP of Aplysia sensorimotor synapses primary cell culture can also exhibit Hebbian LTP (Lin and in cell culture. J. Neurophysiol. 77: 667-674, 1997. Long-term Glanzman 1994a. This form of invertebrate LTP (apLTP), potentiation of Aplysia sensorimotor synapses (apLTP) can be like LTP of synapses in the CA1 region of the mammalian induced in Hebbian fashion by pairing brief tetanic stimulation of hippocampus (Collingridge et al. 1983; ; Lynch the sensory neuron with depolarization of the motor neuron. Malinow and Miller 1986; Wigström et al. 1986), ing paradigm the onset of the conditioned stimulus (CS) precedes A central issue for evaluating the potential role of NMDAthe onset of the unconditioned stimulus (US) by 0.5 s. Therefore, receptor-dependent LTP in learning and memory is its sensitivif Hebbian apLTP does indeed mediate classical conditioning in ity to the temporal order of stimuli (see Bourne and Nicoll Aplysia, temporally offset delivery of presynaptic stimulation and 1993). This is because the order in which two stimuli are postsynaptic depolarization must be able to support apLTP. To presented is often critical for associative learning. Many types ascertain whether temporally offset pre-and postsynaptic stimuli of classical conditioning, for example, exhibit an optimal intercan support apLTP, we varied the interstimulus interval (ISI) beval for the presentation of the conditioned stimulus (CS) and potentiation was independent of the order in which the presynaptic Classical conditioning of the siphon-withdrawal reflex of and postsynaptic stimuli were delivered. Because classical condi-Aplysia (Carew et al. 1981 ) exhibits such ''temporal tioning of the withdrawal reflex in Aplysia is dependent on the specificity'' of CS and US occurrence. Thus behavioral contemporal order of the CS and US, in a second set of experiments ditioning of the withdrawal reflex is optimal when the onset we compared the efficacy of forward and backward pairing of preof the CS (weak tactile or electrical stimulation of the siphon and postsynaptic stimulation with the use of a conditioning-like or mantle skin) precedes the onset of the US (strong electriprotocol. Forward pairing and backward pairing (0.5-s ISI) yielded equal amounts of apLTP. These data raise questions for the hypoth-cal shocks applied to the animal's tail) by Ç0.5 s (Hawkins esis that Hebbian apLTP mediates classical conditioning of the et al. 1986). We have proposed that Hebbian apLTP, inwithdrawal reflex in Aplysia. Our results indicate that Hebbian duced by the conjoint activation of sensory neurons and apLTP alone cannot fully account for classical conditioning in siphon motor neurons, might play a critical role in classical Aplysia. An additional cellular mechanism is required to explain conditioning of the siphon-withdrawal reflex in Aplysia the temporal specificity present in the behavioral results.
Lin, Xiang Y. and David L. Glanzman. Effect of interstimulus now apparent that synapses of the marine mollusk Aplysia in interval on pairing-induced LTP of Aplysia sensorimotor synapses primary cell culture can also exhibit Hebbian LTP (Lin and in cell culture. J. Neurophysiol. 77: 667-674, 1997 . Long-term Glanzman 1994a . This form of invertebrate LTP (apLTP), potentiation of Aplysia sensorimotor synapses (apLTP) can be like LTP of synapses in the CA1 region of the mammalian induced in Hebbian fashion by pairing brief tetanic stimulation of hippocampus (Collingridge et al. 1983; ; Lynch the sensory neuron with depolarization of the motor neuron. Malinow and Miller 1986; Wigström et al. 1986 ), has been proposed that Hebbian apLTP plays a significant role in depends on postsynaptic depolarization, postsynaptic elevation classical conditioning of the defensive withdrawal reflex of Aplysia.
of intracellular Ca 2/ , and activation of N-methyl-D-aspartate
However, as originally demonstrated, Hebbian apLTP is induced (NMDA) or NMDA-like receptors (for related data see Clark by simultaneous pairing of sensory neuron stimulation and motor neuron depolarization, whereas in the Aplysia classical condition-et al. 1995; Cui and Walters 1994; Dale and Kandel 1993) .
ing paradigm the onset of the conditioned stimulus (CS) precedes A central issue for evaluating the potential role of NMDAthe onset of the unconditioned stimulus (US) by 0.5 s. Therefore, receptor-dependent LTP in learning and memory is its sensitivif Hebbian apLTP does indeed mediate classical conditioning in ity to the temporal order of stimuli (see Bourne and Nicoll Aplysia, temporally offset delivery of presynaptic stimulation and 1993). This is because the order in which two stimuli are postsynaptic depolarization must be able to support apLTP. To presented is often critical for associative learning. Many types ascertain whether temporally offset pre-and postsynaptic stimuli of classical conditioning, for example, exhibit an optimal intercan support apLTP, we varied the interstimulus interval (ISI) beval for the presentation of the conditioned stimulus (CS) and tween the onset of presynaptic tetanus and the onset of postsynaptic unconditioned stimulus (US). Conditioning is typically best depolarization. In the first set of experiments we determined the when the onset of the CS precedes the onset of the US by a amount of potentiation that results from varying the temporal interval between the onset of a single presynaptic tetanus and the onset relatively short interval. Conditioning typically weakens as the of a single bout of postsynaptic depolarization. The ISI between CS-US interval lengthens and is often slight, or nonexistent, if the onset of the two stimuli ranged from 0.0 to 5.0 s. Significant the CS and US occur simultaneously or if the US occurs before apLTP was obtained with ISIs of 0.0 and 0.5 s, but the amount of the CS (Mackintosh 1983) (although see DISCUSSION ).
potentiation was independent of the order in which the presynaptic Classical conditioning of the siphon-withdrawal reflex of and postsynaptic stimuli were delivered. Because classical condi-Aplysia (Carew et al. 1981 ) exhibits such ''temporal tioning of the withdrawal reflex in Aplysia is dependent on the specificity'' of CS and US occurrence. Thus behavioral contemporal order of the CS and US, in a second set of experiments ditioning of the withdrawal reflex is optimal when the onset we compared the efficacy of forward and backward pairing of preof the CS (weak tactile or electrical stimulation of the siphon and postsynaptic stimulation with the use of a conditioning-like or mantle skin) precedes the onset of the US (strong electriprotocol. Forward pairing and backward pairing (0.5-s ISI) yielded equal amounts of apLTP. These data raise questions for the hypoth-cal shocks applied to the animal's tail) by Ç0.5 s (Hawkins esis that Hebbian apLTP mediates classical conditioning of the et al. 1986). We have proposed that Hebbian apLTP, inwithdrawal reflex in Aplysia. Our results indicate that Hebbian duced by the conjoint activation of sensory neurons and apLTP alone cannot fully account for classical conditioning in siphon motor neurons, might play a critical role in classical Aplysia. An additional cellular mechanism is required to explain conditioning of the siphon-withdrawal reflex in Aplysia the temporal specificity present in the behavioral results. (Glanzman 1994 (Glanzman , 1995 Lin and Glanzman 1994b) . Heretofore, however, simultaneous pre-and postsynaptic stimulation has been employed to induce apLTP. It is therefore I N T R O D U C T I O N crucial to determine whether apLTP can be induced when Long-term potentiation (LTP) is a form of persistent, activity-the stimulation of the sensory neuron and motor neuron are dependent synaptic plasticity thought to play a role in learning temporally offset. For this reason we varied the temporal and memory (Bliss and Collingridge 1993; Bliss and Lømo interval between the onset of presynaptic stimulation and 1973). Much of the current interest in LTP derives from the the onset of postsynaptic depolarization, and measured the similarity between the conditions under which certain forms of resulting apLTP of in vitro synapses. LTP can be induced and the neurophysiological rule for synaptic
strengthening proposed by Hebb (1949) 
as a mechanism of
Cell cultures long-term memory. Until recently, ''Hebbian'' LTP-LTP induced by paired pre-and postsynaptic stimulation-has been
The cell cultures consisted of sensory neurons taken from pleural ganglia, and small siphon motor neurons (Frost et al. 1988 ) taken exclusively associated with vertebrate synapses. However, it is from abdominal ganglia of adult Aplysia californica (80-120 g). R E S U L T S The neurons were dissociated, cultured, and maintained as de- During experiments the cultures were perfused with a solution consisting of 50% sterile artificial seawater and 50% Leibowitz-s. Aplysia sensorimotor synapses, both in the CNS (Castel-15 (Sigma, St. Louis, MO), modified as described previously (Lin lucci and Kandel 1974) and in cell culture (Rayport and and Glanzman 1994a) . All experiments were carried out at 18-Schacher 1986), depress significantly when stimulated at 21ЊC. The identity of a postsynaptic neuron as a small siphon cell low rates. LTP of the sensorimotor synapses is therefore was confirmed electrophysiologically before an experiment was indicated by a significant increase in the mean size of the begun. This was done by strongly hyperpolarizing the neuron with sensorimotor EPSP compared with the mean size of the the intracellular recording electrode and then suddenly releasing it EPSP for synapses that receive only the test stimuli ( Fig. 1 from hyperpolarization. The membrane potential of small siphon and Lin and Glanzman 1994a,b). In the present experiments, cells exhibits a distinctive ''notch,'' possibly due to activation of whether or not synapses in a specific ISI group exhibited A current, when these cells are suddenly released from strong significant apLTP was determined by comparing the mean hyperpolarization (Eliot 1991) . The mean resting membrane potential of the motor neurons was 38.5 { 0.4 (SE) mV (range 31-size of the EPSP, averaged across the 60-to 80-min trials, 51 mV). There were no significant differences in the membrane for the synapses that received paired stimulation with the potentials of the motor neurons among the various experimental mean size of the EPSP for synapses that received only the groups. The electrophysiological methods have been described pre-test stimuli (test-alone group). A Kruskal-Wallis nonparaviously (Lin and Glanzman 1994a,b) . Briefly, the sensory neurons metric analysis of variance indicated that the various ISIs were stimulated with extracellular electrodes and the resulting ex-produced significantly different amounts of potentiation, as citatory postsynaptic potentials (EPSPs) were recorded from the indicated by the overall differences among the mean amplimotor neurons with intracellular electrodes. Extracellular, rather tudes of the group EPSPs (KW Å 04,208, P õ 0.0001). nonparametric test that corrects for multiple comparisons, been shown to disrupt posttetanic potentiation of these synapses (Eliot 1991) , probably by abnormally elevating intracellular Ca 2/ . We wished to avoid any potential disruption of mechanisms of plasticity in our experiments. The motor neuron was held at 50 mV below its resting potential to prevent the motor neuron from spontaneous or stimulus-evoked firing during testing. This was achieved by passing negative current (Ç0.3-0.5 nA) into the cell via the bridge circuit of the intracellular amplifier. The paired stimulation consisted of 0.5 s of 25-Hz extracellular stimulation and 0.5 s of postsynaptic depolarization. A total of 2 nA of intracellularly injected current was used to depolarize the motor neuron during pairing; this depolarizing current was superimposed on the constant hyperpolarizing current used for testing the strength of the EPSP. The mean initial amplitude of the sensorimotor EPSP in these experiments, measured with the motor neuron hyperpolarized, was 31.1 { 1.8 mV (range 7-72 mV). There were no systematic differences among the various experimental groups with respect to the sizes of initial evoked EPSPs.
Pairing-induced apLTP exhibits an ISI function that is

Statistical analyses
The peak amplitudes of the EPSPs evoked on the trials were means { SE. The normalized EPSPs were used for all statistical received paired stimulation with an interstimulus interval (ISI) of 0.0 s ( n comparisons, which were performed by a computer program (IN-Å 10) and the group that received only the test stimuli (n Å 11). The STAT, GraphPad, San Diego, CA). Nonparametric tests were used excitatory postsynaptic potential (EPSP) data from each experiment were for between-group comparisons whenever the SDs of the group normalized to the amplitude of EPSP on the 0-min trial ( ---). Arrow data, as indicated by Bartlett's tests for homogeneity of variances, below abscissa: point at which paired stimulation occurred. Error bars:
were sufficiently different to invalidate the use of parametric tests.
indicated that paired stimulations with ISIs of 0.0, 00.5, and 0.5 s all produced significant apLTP compared with the testalone protocol (Figs. 2 and 3) . The mean test-alone EPSP for the 60-to 80-min trials was 69.3 { 4% of the EPSP on the 0-min trial. By comparison, the mean 60-to 80-min EPSP was 92.4 { 4% for ISI Å 00.5 s (P õ 0.01); 111 { 5% (P õ 0.001) for ISI Å 0.0 s; and 90.6 { 5% for ISI Å 0.5 s (P õ 0.05). (The P values are for the comparison with the mean test-alone EPSP and represent 2-tailed values.) The 60-to 80-min test-alone EPSP was not significantly different from that of any of the other ISI groups (P ú 0.05 for each comparison). Although simultaneous onset of the presynaptic tetanus and postsynaptic depolarization produced the most apLTP, there were no statistically significant differences among the EPSPs for the 00.5-, 0.0-, and 0.5-s groups apLTP induced by an ISI of 0.5 s is insensitive to the order in which the presynaptic tetanus and postsynaptic depolarOur finding that pairing-induced apLTP exhibits no temization occur. The temporal specificity profile for pairingporal asymmetry represents a potential problem for the hyinduced apLTP is depicted in Fig. 4 , which presents the net pothesis that apLTP-related plasticity plays a significant role enhancement of the sensorimotor EPSP (mean normalized in classical conditioning in Aplysia (Glanzman 1994, 1995; EPSP minus the value for the normalized test-alone EPSP, Lin and Glanzman 1994a). This is because the temporal data from the 60-to 80-min trials) for each of the ISIs in specificity for Hebbian apLTP, as represented in Fig. 4 , difour experiments.
fers from that reported for classical conditioning of the reflex ; see their Fig. 3 ). In particular, Hawkins et al. obtained significantly less conditioning of the withdrawal reflex with simultaneous pairing of the CS and US than with forward pairing, and no conditioning at all with backward pairing. This difference may reflect a fundamental distinction between apLTP and behavioral conditioning of the reflex, or it may simply be due to differences between the training protocols used in the cellular and behavioral studies. In the conditioning experiments there were typically Fig. 3 by subtracting the mean normalized postsynaptic depolarization. Vertical dashes in the records indicate that the response of the motor neuron to depolarization has been truncated to save EPSP for the test-alone group from the mean normalized EPSP for each ISI group. The resulting quantity, which mathematically controls for the space. Right: EPSPs obtained on the 60-min trial. Vertical scale bar: 5 mV for the 00.5-s data, 10 mV for the other data. Horizontal scale bar: 40 ms effects of homosynaptic depression, is referred to as ''net enhancement'' (see Lin and Glanzman 1994a). Striped bars: those ISIs that produced for EPSPs in right and left columns, 300 ms for records in the middle column.
significant apLTP during the 60-to 80-min trials.
several CS-US pairings at a rate of one per 5 min, whereas compared with the test-alone EPSP on PT 15 (q Å 4.67 for the comparison between forward pairing and test-alone in our LTP experiments there was only a single pairing of pre-and postsynaptic stimulation. In addition, 1.0-s tail EPSPs, P õ 0.01; q Å 4.27 for the comparison between the backward pairing and test-alone EPSPs, P õ 0.05), as well shocks were used for the US in behavioral experiments, whereas the motor neurons were only depolarized for 0.5 s as on PT 60 (q Å 3.92 for the comparison between forward pairing and test-alone EPSPs, P õ 0.05; q Å 3.56 for the in the LTP experiments. To determine whether the differences in the ISI functions reflect a fundamental difference comparison between backward pairing and test-alone EPSPs, P õ 0.05). But the forward pairing and backward pairing between apLTP and behavioral conditioning in Aplysia, we carried out additional experiments with the use of a protocol EPSPs did not differ significantly from each other on either posttest (P ú 0.05 for both comparisons). designed to more closely parallel that used for the behavioral training ). In these experiments we compared the relative efficacy of 0.5-s backward pairing D I S C U S S I O N and 0.5-s forward pairing in inducing apLTP of cultured
Temporal properties of pairing-induced apLTP: synapses.
comparison with hippocampal LTP Pairing-induced apLTP of synapses in cell culture exhibits Forward pairing and backward pairing are equally an approximately Gaussian ISI profile centered about the effective in inducing apLTP with a conditioning-type zero ISI (Fig. 4) . The closer the presynaptic and postsynaptraining protocol tic stimuli are together in time, the greater the potentiation. In this series of experiments there were seven test trials LTP of the sensorimotor synapses therefore appears to be with an intertrial interval of 5 min. Paired stimulation con-regulated by the temporal contiguity of pre-and postsynaptic sisted of five pairings of presynaptic tetanic stimulation and activity, rather than by temporal order. postsynaptic depolarization (Fig. 5A) . The paired stimula-
The data from some experimental and modeling studies tion was delivered at a rate of one per 5 min, with the first indicate that simultaneous occurrence of presynaptic activity pairing occurring 1 min after the second trial. In addition, and postsynaptic depolarization is necessary, or at least optithere were two posttraining trials, one at 15 min (PT 15 ), and mal, for NMDA-receptor-dependent LTP of hippocampal the other at 60 min (PT 60 ), after the fifth (last) bout of synapses (Brown et al. 1989; ; Zador et al. paired stimulation. There were three treatment groups: a 1990). There is little evidence from these data that hippogroup that received paired stimulation in which the onset of campal LTP is sensitive to stimulus order. But other experithe presynaptic tetanus occurred 0.5 s before the onset of mental data (Gustafsson and Wigström 1986; Gustafsson et postsynaptic depolarization (forward pairing, n Å 11); a al. 1987; Levy and Steward 1983) have led to the conclusion group that received paired stimulation in which the onset of that NMDA-receptor-dependent LTP of hippocampal synthe postsynaptic depolarization occurred 0.5 s before the apses, although maximal when presynaptic stimulation oconset of the presynaptic tetanus (backward pairing, n Å 9); curs during conditioning stimulation (or postsynaptic depoand, finally, a group that received only the test stimuli (test larization), exhibits an asymmetric ISI function. For brief alone, n Å 16). Figure 5B presents the group data from these ISIs (°100 ms), potentiation is observed when a weak preexperiments and Fig. 5C presents representative results. A synaptic stimulus precedes postsynaptic depolarization, but nonparametric analysis of variance (Kruskal-Wallis test) not when the presynaptic stimulus occurs after postsynaptic performed on the mean group EPSPs from each of the trials depolarization. Furthermore, the modeling data of Holmes T3-T7 indicated that the differences among the three experi-and Levy (1990) suggest that NMDA-receptor-mediated mental groups were highly significant on all five of the trials LTP should be intrinsically superior when a weak presynap-(P õ 0.0001 for each trial). Pairwise comparisons indicated tic stimulus precedes strong postsynaptic depolarization. It that both types of paired stimulation produced significant is possible, however, that the asynchronous temporal depenenhancement of the EPSP on T3-T7 compared with the dence observed in some studies of hippocampal LTP reflects test-alone protocol (P õ 0.05 for each comparison, Dunn's the influence of heterosynaptic pathways. This possibility is tests). However, the EPSPs in the forward pairing group did suggested by the transient synaptic depression of CA1 synnot differ from those in the backward pairing group on these apses often apparent following strong conditioning stimuli trials (P ú 0.05 for each comparison). We used parametric (Barrionuevo and Brown 1983;  Gustafsson and Wigström tests to analyze the posttest data. This is warranted because 1986). Thus, when the postsynaptic depolarization produced Bartlett's tests for homogeneity of variances indicated that by a conditioning stimulus precedes the presynaptic stimulathe differences among the SDs for the posttest data from the tion, it might recruit competing heterosynaptic depression three groups were not statistically significant (P ú 0.05 for in the hippocampus that overwhelms any pairing-induced each Bartlett's test on the data for PT 15 and PT 60 ). One-way potentiation. analyses of variance on the group means for PT 15 and PT 60 indicated that the variation among the means was highly Potential role of an apLTP-related mechanism in classical significant on both posttests [F(2,33) Å 7.24, P õ 0.0025 conditioning in Aplysia for PT 15 , and F(2,33) Å 5.07, P õ 0.02 for PT 60 ]. TukeyKramer tests, which correct for multiple comparisons, were Recent experimental data increasingly implicate NMDAtype potentiation of sensorimotor synapses in classical conused for pairwise comparisons of the group means for PT 15 and PT 60 . These tests indicated that the forward pairing and ditioning in Aplysia. Thus Glanzman (1995, 1996) have found that the cellular analogue of classical conbackward pairing EPSPs were both significantly potentiated ditioning of the siphon-withdrawal reflex in Aplysia requires potentiation results when tetanic stimulation of the sensory neuron precedes the depolarization of the motor neuron by elevation of Ca 2/ in the postsynaptic motor neuron and actias much as 0.5 s, the training involved in classical conditionvation of NMDA or NMDA-related receptors. By demoning of siphon withdrawal-in which the onset of the CS strating that Hebbian apLTP does not require simultaneous precedes the onset of the US by 0.5 s (Carew et al. 1981 , presynaptic and postsynaptic stimulation, the present results 1983) -could, in principle, result in significant LTP of senprovide some support for the hypothesis (Glanzman 1994, sorimotor connections. Nevertheless, our findings raise the 1995; Lin and Glanzman 1994b) that this form of plasticity question: what is the reason for the blockade of conditioning contributes to classical conditioning of the siphon-withto backward pairing of the CS and US if classical conditiondrawal reflex in Aplysia. In particular, because significant ing in Aplysia is mediated by apLTP-related plasticity? Another form of synaptic enhancement prominently implicated in classical conditioning in Aplysia is activity-dependent enhancement of presynaptic facilitation (ADPF) Walters and Byrne 1983a ). According to current models (Abrams and Kandel 1988; Byrne 1987) , ADPF is induced by the conjunctive firing of central siphon sensory neurons activated by the CS and of facilitatory interneurons, some of which are serotonergic (Glanzman et al. 1989; Mackey et al. 1989) , activated by the US. The conjoint activity of the sensory neurons and facilitatory interneurons is thought to produce two intracellular signals in the presynaptic terminals of the sensory neurons: elevation of intracellular Ca 2/ (due to the CS) and stimulation of adenylate cyclase (due to release of serotonin by facilitatory interneurons). The elevation of Ca 2/ in the sensory neurons is hypothesized to somehow ''prime'' the cyclase, thereby increasing its production of adenosine 3,5-cyclic monophosphate (cAMP), which is known to mediate presynaptic facilitation of transmitter release by the sensory neurons (Baxter and Byrne 1990; Braha et al. 1990; Brunelli et al. 1976; Castellucci et al. 1980; Ghirardi et al. 1992; Klein and Kandel 1978) . Thus ADPF is ascribed to a Ca 2/ /calmodulin-triggered enhancement of the cAMP cascade within the sensory neurons, an idea supported by biochemical data (Abrams et al. 1991; Ocorr et al. 1985) and by data from cell culture experiments (Eliot et al. 1994) . A still-unresolved question, however, is whether ADPF can account for the temporal specificity exhibited by classical conditioning. Abrams and Kandel (1988) (Abrams et al. 1991; Yovell and Abrams 1981) . Indeed, for certain types of higher-order conditioning, simultaneous pairing is as effective, and in some cases 1992).
Another cellular mechanism that might contribute to the more effective, than forward pairing (Barnet et al. 1991 (Barnet et al. , 1993 Rescorla 1980) . Models of associative synaptic eneffect of ISI in classical conditioning in Aplysia is suggested by the finding that tail shock initially produces transient hancement that depend on temporal asynchrony of stimuli (Abrams and Kandel 1988; Holmes and Levy 1990 ) cannot inhibition of the siphon-withdrawal reflex as well as of the monosynaptic sensorimotor connections within the abdomi-account for such behavioral results. By contrast, the type of associative long-term synaptic change we have described nal ganglion (Mackey et al. 1987; Marcus et al. 1988) . Mackey et al. hypothesized that this transient inhibition here, which is sensitive only to the amount of temporal contiguity between stimuli, could mediate simultaneous, as could underlie the blockade of classical conditioning when the CS and US are backwardly paired (see also Walters and well as backward, conditioning. Possibly, the various optimal temporal parameters that characterize different classical Byrne 1983b). Recent experiments by Clark et al. (1994) have provided data regarding the validity of the hypothesis conditioning paradigms result from underlying, intrinsic differences among different molecular mechanisms of synaptic of Mackey et al. Clark et al. have shown that enhancement of the monosynaptic sensorimotor EPSP due to sensory neuron change. According to this view, some of these molecular mechanisms are sensitive to stimulus order, whereas others activity and tail nerve shock is greater when the sensory neuron activity (the CS for the cellular analogue of classical are not. Alternatively, all types of associative synaptic enhancement might be intrinsically sensitive only to the tempoconditioning) precedes the nerve shock (the US) than when the US precedes the CS. In their study, Clark et al. measured ral correlation between stimuli, not to stimulus order. According to this second view, the order specificity that characthe US-produced hyperpolarization of the sensory neuron's membrane potential during training. They found that 0.5-s terizes some forms of classical conditioning is due to input from modulatory pathways extrinsic to the site of synaptic backward pairing produced significantly greater hyperpolarization of the sensory neuron membrane potential than did change or (possibly in some cases) to delays in the time required for neuronal signals produced by conditioning stim-0.5-s forward pairing (for related data see Walters and Byrne 1983b) . These results represent the strongest evidence to uli to travel from peripheral receptors to critical synaptic sites within the CNS. Classical conditioning of the siphondate in support of the hypothesis of Mackey et al. that the block of backward conditioning in Aplysia is due, at least withdrawal reflex in Aplysia provides a model system for determining which of these two opposing views of learningin part, to US-elicited inhibition. But Clark et al. also found that forward pairing of sensory neuron activity with puffs related synaptic modulation is correct. of serotonin onto sensory neurons produced greater broadening of the sensory neuron action potential (in tetraethylamWe thank S. Chen for fabricating the cell cultures and A. Salim for participation in some of the experiments. We also thank M. Barish, M. monium chloride) than did backward pairing. Because such butes to the temporal specificity of Aplysia conditioning (but Address for reprint requests: D. L. Glanzman, Dept. of Physiological see Eliot 1991 for contradictory data). It is difficult, how-Science, University of California, 405 Hilgard Ave., Los Angeles, CA ever, to convincingly rule out the effects of US-elicited het-90095-1568. erosynaptic inhibition (Fitzgerald and Carew 1991; Mackey Received 22 May 1996; accepted rosci. 11: 2655-2665, 1991. conditioning result from the properties of molecules or BARNET, R. C., ARNOLD, H. M., AND MILLER, R. R. Simultaneous condition-
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